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Previous work has shown that 13-hydroxylated gibbereUine (GAs) are predominant in the long-day (LD) plant spinach 
(Spinacia oleracen; GA 53 , GA^ GA I9 , CA 20 , CA,, CA^,, and GA^), Also present in spinach are 2jB-hydroxylated C M -GAs: GA W , 
GAfy GA^, and CA 310 . Levels of the most abundant GA, GA^, decreased when plants were transferred from short 
photoperiods (SD) to LD. When ["ClGA^ was fed to spinach plants, more GA^ was converted to GA^ 7 in SO than in LD, and 
more radioactive GA^ was formed in LD than in SD. $oCA2ox3, encoding a GA 2-oxidase, was isolated from spinach. The 
recombinant protein converted only two C^-GA precursors, GA t2 and GA^ to their respective products, GA 110 and GA^. 
GA2ox3 competes with GA20oxl for their common substrate, GA S3 . In SD, deactivation to GA 97 prevails, whereas in LD 
conversion to GA^ is favored. Transcript levels of SoGA2ox3 were higher in shoot tips than in blades, petioles, and young 
leaves. Ectopic expression of SoGA2ox3 in the long-day plant Nicotiana sylvestris showed a range of dwarf phenotypes, such as 
reduced germination, short hypocotyl and stem, dark-green leaves, and late flowering, but normal flowers and seed 
production The levels of GA^, and GAj were 3- to 5-f61d lower in transgenic plants than in wild type, whereas the levels of 
GA^ and GA ll0 increased 3- to 6-Fold in transgenic plants. It is concluded that genetic manipulation of plant statute by 
increasing deactivation of precursors of active GA is more advantageous than increased deactivation of bioactive GA, itself. 



Long-day (LD) rosette plants, such as spinach {Spi- 
nacia oleracea), grow vegetarively and do not produce 
a stem when grown under short photoperiods (SD). 
Upon transfer to LD, stems elongate and flowering is 
initiated. In spinach, LD-induced stem elongation is 
dependent on GA-regulated processes. Although 136 
different GAs (http://www.plant-hormones.info/ 
gibberellinsJitm) have been identified from natural 
sources, most of them are precursors or deactivated 
catabolites of a few biologically active GAs (Hedden 
and Phillips, 2000; Yamaguchi and Kamiya, 2000; 
Olszewski et al,, 2002). The major endogenous GAs 
of spinach belong to the carly-13-hydroxylation path- 
way (GA^ GA^ GA 19 , GAjq, GA V GAg, and GA 29 ; 
Fig. 1A; Talon ct al., 1991). Of these GAs, only GAj i$ 
active per se (Zeevaart et al v 1993), A small gene 
family of 2-oxidases catalyzes deactivation of GA l by 
2£-hydroxylation to GAg. Genes encoding 2-oxidases 
have been isolated from several species: Phaseolus 
coccineus and Arabidopsis (Arabidopsis thatiana; 
Thomas et al., 1999), pea (Pisum sativum; Lester et al., 
1999; Martin et al., 1999), rice (Oryza sativa; Sakamoto 
et al., 2001), spinach (Lee and Zeevaart, 2002), and 
poplar (Populus spp.; Busov et al., 2003). These GA 
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2-oxidases introduce a 2/3-hydroxyl group to the 
bioactive GAs GA 2 and GA4 and their respective 
precursors, GA 9 and GA20- The two recombinant GA 
2-oxidases (SoGA2oxl and SoGA2ox2) isolated from 
spinach 20-hydroxylated the C 19 -GAs GA t and GA20 
to GAfl and GA 29 , respectively. In addition, SoGA2oxl 
also converted the C^-GA GA W to CA$ 7 (Lee and 
Zeevaart, 2002). In Arabidopsis, two GA 2-oxidase$ 
that 2/Miydroxylated GA 12 and CA^ were identified 
by activation tagging. Increased expression of these 
genes resulted in decreased levels of active GAs and 
corresponding dwarf phenotypes in Arabidopsis and 
tobacco (Nicotiana iabacum) SchombuTg et al., 2003). 

In spinach, GA S3 is at a branch point and can be 
converted to bioactive GAj via the early-13-hydroxyI- 
ation pathway, or it can be 20-hydroxylated to 
GAx (Fig. 1A), In addition to GA^, several other 20- 
hydroxylated GAs are found in spinach: GA 98 (2/3- 
hydroxy-GA^), GA^ (20-hydroxy-GA l9 ), and GA^ 
(2/3-hydroxy-GAi2; Mander et al., 1996; Owen et al., 
1998). Gilmour et al. (1986) found that cell-free extracts 
from spinach leaves are capable of converting [ 14 C]GA 12 
to [ 14 C]2/3-hydroxy-GA 12 . These results led us to po$- 
tula te that an early-2jS-hydroxylation pa thway operates 
in spinach and that a 2-oxidasc in spinach specifically 
20-hydroxylates C^-GAs (Fig. 1A). 

Here, we report the molecular cloning and char- 
acterization of SoGAloxS from spinach that ^-hy- 
droxylases two Cq-GAs, GA 12 and GA 53 . Ectopic 
expression of SoGA2ox3 in Nicotiana sylvestris pro- 
duced a high level of CA^ with a concomitant de- 
crease in the levels of active GA r Transgenic plants 
overexpressing this 2-oxidase exhibited GA-deficient 
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Figure 1. A, The early-l 3-hydroxylation pathway from GA 12 to GA< of CA biosynthesis and deactivation in spinach. Each 2/3- 
hydroxylated OA can be derived from me corresponding 1 3-Kydroxylated CA, but only the conversions indicated by sol id arrows 
have been experimentally demonstrated. B, Reverse-phase HPiC profiles of radioactive products after feeding of [ ,4 C]GA^ to 
spinach grown in SD or LD. Deactivation of radiolabeled GA^ by 2/3-hydroxylation to GAg 7 was greater in SD than In LD. Full- 
scale radioactivity is 10 4 dpm. 



phenotypes, such as delayed germination, short hy- 
pocotyl, reduced stature, and late flowering. 



RESULTS 

Metabolism of ["CICA^ in Spinach in SD and LD 

[ 14 C]GAa was fed to spinach plants in SD and LD to 
determine differences in GA metabolism in plants 
under various photoperiodic conditions. As shown 
in Figure IB, there were striking differences in the 
metabolism of GA^ between plants in SD and LD. 
First much more GA S3 remained unrnetabolized in SD 
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than in LD. Second, much more G A 53 was converted to 
CA^ in LD than in SD, This is expected because GA 
20-oxidase activity is much higher in LD than in SD 
(Lee and Zeevaart, 2002). Third, more radioactive GA 2 
was produced in LD than in SD, This is presumably 
due to the increased level of GA 20 , the substrate for G A 
3-oxidase, which is not up-regulated by LD (Lee and 
Zeevaart, 2002). Fourth, and most striking, is the 
massive accumulation of GA^ in plants in SD as 
compared to those in LD. These data indicate that 
inactivation of GA^ by 2£-hydroxylatjon is predom- 
inant in SD, whereas in LD GA K is preferentially 
converted to GAjq and further to bioactive GA t . On the 
basis of these results, it was of interest to investigate 
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this GA 2oxidase and its control at the molecular- 
genetic level 

Cloning of SoGA2ox3 cDNA 

First-strand cDNA was synthesized with random 
primers and poly(A + ) RNA isolated from spinach 
grown tinder SD conditions as a template. All combi- 
nations of degenerate primers were used in the FCR 
reactions with first-strand cDNA. The combination of 
degenerate primers JZ598 and JZ600 (Table I) yielded 
a 611-bp fragment of a putative GA 2-oxidase (data not 
shown). The predicted partial amino acid sequence of 
this reverse transcription (RT)-PCR product shares 
more identity with the amino acid sequences of 
AtGA2ox7 and AtGA2ox8 (Schomburg et al., 2003) 
than with those of the SoGA2oxl, SoGA2ox2, 
AtGA2oxl, AtGA2ox2, and AtGA2ox3 proteins 
(Thomas et al., 1999; Lee and Zeevaart, 2002). 5'- and 
3 '-RACE were performed with sequence-specific 
primers QZ616, JZ617, JZ618, and JZ627). 

The coding region of SoGA2ox3 was obtained with 
primers JZ651 and JZ656 (Table I). The full-length 
cDNA clone of SoGA2ox3 (1,242 bp, GenBank acces- 
sion no, AY935713) has an open reading frame of 1,128 
bp, encoding a putative protein of 375 amino acids 
with a 79-bp 5'-untranslated sequence and a 35-bp 
3 ; -untranslated sequence. The predicted molecular 
mass of the protein is 43 kD, with a pi of 8.42. Southern- 
blot analysis using the SoGA2ox3 cDNA as a probe 
indicated that there is at least one more related gene 
in the spinach genome (data not shown). Figure 2A 
shows an alignment of amino acid sequences of GA 
2-oxidases from spinach, Arabidopsis, and rice. When 
compared with other 2-oxoglutarate-dependent di- 
oxygenases, the deduced amino acid sequence of 
SoGA2ox3 fits best in the family of GA 2-Oxidases (Eg. 
2B), The predicted amino acid sequence shares 
59.3%, 42.4% 46%, and 45.3% identity with AtGA2ox8, 
AtCA2ox7, OsGA2ox5, and OsCA2ox6, respectively. 
However, it shares only 23.1% and 22.1% identity with 
the SoGA2oxl and SoGA2ox2 proteins (Lee 
and Zeevaart, 2002). The amino acid sequence of 
the SoGA2ox3 protein contains gene-specific motifs 
(located at positions 143-149, 158-164, and 358-371) 



that are different from other GA dioxygenases, and a 
Thr homopolymer (located at positions 49-58). Three 
underlined regions show unique amino acid sequences 
that are highly conserved in SoGA2ox3, AtGA2ox7, 
AtGA2ox8, OsGA2ox5, and OsGA2ox6 but not in 
other GA dioxygenases, including SoGA2oxl and 
SoGA2ox2 (Fig. 2, A and B). The amino acid sequence 
of SoGA2ox3 shares several conserved regions with 
other GA dioxygenases, such as putative 2-oxo- 
glutarate-binding sites (Arg-319 and Ser-321) and 
iron-binding sites (Hte-253, Asp-255, and His-309; 
Thomas et al, 1999). However, the amino acid sequence 
(L-S-W-S-E-A, positions 157-162) shares only 50% 
identity with the L-P-W-K-E-T sequence, which is 
conserved in all GA 20-oxidases and which has been 
proposed to be involved in binding the substrates GA 12 
and/or GA^ (Wu et al, 1996; Kang et al, 1999; 
Sakamoto et al, 2004). SoGA2ox3 contains one intron 
of 781 bp (AY935714), which is located at the same 
position as the second intron of the AtGA2ox7 and 
AtGAloxB genes (Schomburg et al, 2003). 

The amino acid sequences of all GA 2-oxidases were 
aligned using the QustalW 1,8 Multiple Sequence 
Alignment program, and a phylogenetic tree was 
generated (Fig- 2B). This analysis divides the GA 
2-oxidase family into three different clades. Members 
of classes I and II catabolize C 19 -GAs. However, as far 
as tested, members of class III can only 2j3-hydroxylate 
CflfGAs (SoGA2ox3, AtGA2ox7, and AtGA2ox8). The 
two GA 2-oxidases of rice in class HI, OsCA2ox5 and 
OsGA2ox6, have not been characterized, but their 
amino acid sequences predict that they are able to 
20-hydroxylate C M -G As . 



Heterologous Expression of SoGA2ox3 in Escherichia coli 

To demonstrate that the SoGA2ox3 cDNA clone 
encodes a GA 2-oxidase, we heterologously expressed 
the coding region as a fusion protein of the glutathione 
S-transferase fusion vector in E. coii strain BL21pLysS. 
The size of the fusion protein is about 69 kD. Soluble 
protein extracts were used for assays of GA 2-oxidase 
activity with several radioactive GAs as substrates. 
The reaction products were separated by reverse- 
phase HPLC with an on-line radioactivity detector 



Table ». Primers used for amplification of the GA 2>oxidaS63 gene from spinach 

Single-letter codes tor nucleotides were assigned as follows: Y (OX), N <A/T/C/C), R (A/G), O (A/C/T), and 
W (Am. 



Purpoft 


Primer 


Primer Sequence (5' to 3') 


Orientation 


RT-PCR 


JZ596 


GARTCGCCNTTYTTYCARRT 


s 


RT-HCR 


JZ600 


CCYTCRAATAWRTCNCCOATRTT 


AS 


3'-RACE 


JZ617 


GCATCATGACCTGACCTTTATTC 


S 


3' -RACE 


JZ616 


AGATACCCACCATGCCCTAAAT 


S 


5'-RACE 


J2616 


TTC AATG GCTCCCTA AACACTT 


AS 


5'-RACE 


JZ627 


ACCGTTGAGCATAGATTGCTGA 


AS 


Coding region 


JZ651 


TCCGC^TCCAMTGGCrrCTACCAAGGTAG 


s 


Coding region 


JZ656 


CTGAGAATTCCTACTTCGAAATGACGAAG 


AS 
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Figure 2. Comparison of the de- 
duced amino acid sequences of 
$oGA2ox3 with other GA 2«oxi- 
dases, A, Sequence alignment of the 
amino acid sequence of SaCA2ox3 
cDNA with related CA 2-oxidases- 
The amino acid sequences were 
aligned using BCM Search Launcher, 
The three underlined regions show 
the unique amino acid sequences 
that are highly conserved in the 
SoGA2ox3, AtGA2ox7, AtGA2oxB, 
OsGA2oxS, and OsGA2ox6 pro- 
teins. Asterisks indicate putative 
amino acid residues that are sup- 
posed to bind iron. The symbol $ 
indicates the putative 2-oxogJutarare- 
binding sites. B, Phylogenetic tree 
based on the comparison of GA 
2-oxidase genes. The amino acid 
sequences form three classes (i, H, 
and Ml). This unrooted phylogenetic 
tree was created using ClustalW 
(h ftp://www.eb i .a c . u Ic/c i us ta I w/) . 
GenBank accession numbers of pro- 
teins are (in parentheses): AtGA2oxl 
(CAB41007), AtGA2ox2 (CAB41006), 
AtGA2ox3 (CA841009), AtGA2ox4 
(AAC51528), AtGA2ox6 (AACO0891), 
AtGA2ox7 (AAG50945), AtGA2ox8 
(CAB7912D), LsGA2oxT (BAB12442), 
OsGA2ox1 (BAB40934), OsGA2ox2 
(RAC1675U OsGA2ox3 (BAC16752), 
OsCA2ox4 (AAU031O7), OsCA2ox5 
(BAC10398), OsGA2oxG (CAE03751), 
PcGA2ox1 (CAB41036), PsGA2qx1 
(AAP0a6O9), PsGA2ox2 (AAD45424), 
SoGA2oxl (AANQ7571), SoGA2ox2 
(AAN87572), and 5oGA2ox3 (AAX- 
14674). The scale value of 0.1 indi- 
cates 0.1 amino acid substitutions per 
site. 
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(Lee and Zeevaart, 2002). Retention times (Rts) of 
the products were compared with those of standard 
14 C-labeled GAs for tentative identification. The re- 
combinant SoGA2ox3 protein converted the radio- 
active Cjq-GAs GA U (Rt = 37.6 min) and (Rt = 

246 



31.8 min) to products with Rts of 28.8 and 14.9 min, 
corresponding to those of GAj 10 and GA^, respec- 
tively. In some experiments, in addition to CA^, 
a minor unidentified product of GA^ was found at 
Rt ■ 19.6 min. We used l^-fHJGAs as substrates 
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Table II. Identification of products formed after incubation of 


recombinant GA 2-Oxidase (SoGA2px3) from spinach with GA U or CA S} 


Substrate 


Product 


Mass Spectra of Products 11 


l7,17-[ a H2lGA„ 
17,17-| 2 H2|GA 53 


17,17.[ 2 H2]CA 110 
17 / 17-| , H2|GA 97 


nVz (% ntfotive abundance) 
M* 450 (5), 435 (6), 4tfl (25), 390 (44), 375 (4), 360 (21, 328 (6), 31B (7), 

300 (100), 265 (66), 274 (40), 260 (26), 259 (22), 241 (93), 225 (24), 

201 (17); 197 HO), 145 (34) 
M* 538 (35), 523 (9), 506 (6), 479 (9), 446 (3), 389 (10), 373 (5), 329 (11), 

299 (2), 239 (44), 210 (65), 209 (100), 195 (11), 179 (16), 147 (3), 119 (14) 


J As the methyl ester trimethylsilyl ethers. im _ 



to identify the products of GA U and GA^ catabolism 
by gas chromatography-mass spectrometry (GC-MS; 
Tabic II). Recombinant SoGA2ox3 did not convert 
[^JGA^ (closed ketone ring) and [ ,4 C]GA 19 to 20- 
hvdroxy-rCJGAu (=GA 98 ) and 20-hydroxy- 
[^CJGA^ (=GA 99 ), respectively. Also, SoGA2ox3 was 
not able to convert C 19 -GAs, such as GAm and GA a . 
Thus, SoGA2ox3 belongs to the class of 2-oxidases that 
Specifically deactivates the C 20 -GA precursors GA 12 
and GA^ (Schomburg et al,, 2003), which are also the 
substrates for GA 20-qxidases. 

Effects of Daylength on Gibberellin Levels in Spinach 

The GA contents of spinach plants growing in SD or 
LD were determined by GC-MS-selected ion monitor- 
ing (Table HI). As reported previously (Wu et al., 1996), 
transfer of spinach from SD to LD caused an increase 
in all GAs of the early-13-hydroxyJation pathway, 
except for GA^ in mature leaves and petioles. By 
contrast, the levels of the 20-hydroxylated C^-GAs 
GA^ and GA ll0 showed a decrease after transfer from 
SD to LD, which corroborates the results obtained with 
feeding [ W C]G A53 (Fig. IB). GA, 7 is by far the most 
abundant GA in spinach, whereas GA 110 is present in 
levels comparable to those of the other GAs. This 
striking difference in contents of G A 97 and GA u0 raises 
the question whether SoGA2ox3 has a higher affinity 
for GA153 than for GA U . To answer this question, we 



incubated mixtures of the two substrates at equimolar 
concentrations with recombinant SoGA2ox3 for 1 h. 
GA 12 and GA 53 were equally well catabolized over 
a range of substrates from 30 to 300 pmol (data not 
shown), indicating that the much higher content of 
GA 97 than of GA 110 is probably not due to different 
affinities of the enzyme for the two substrates. 



Expression of SoGA2ox3 in Spinach in SD and LD 

Two sizes of transcripts of SoGA2ox3 were observed 
around 1.3 kb and 0 7 kb in northern-blot analysis 
(data not shown). The larger size was assumed to be 
the mature message because it is the same size as the 
full-length cDNA (see above). 

To investigate how expression of the SoGA2ox3 gene 
is regulated by the photoperiod, we isolated total RNA 
from spinach plants grown in SD and after 8 LD. 
Figure 3A shows that the levels of $oGA2ox3 tran- 
scripts were relatively high in petioles and shoot tips 
but low in blades and young leaves in both SD and LD. 
These expression patterns of 5oGA2ox3 are correlated 
with the levels of GA^ in various Organs of spinach 
(Fig. 3A; Table 1H). 

To determine the time course of changes in 
SoG^2o*3 expression, spinach plants were harvested 
at different times after transfer from SD to LD. The lev- 
els of SoGA2ox3 transcripts were slightly increased in 



Table ill. Comparison of GA levels in various organs of spinach in and after 8 10 



Spinach plants were grown in SD for 6 weeks, then transferred to LD for 6 d. G A content was determined 
by GC-M5-selectcd ion mpniroring, using deuterated CAs as internal standards. 



Plant frrt 


CA S3 


GA„ 




GA, 


GA M _ B , 


c\ 


CA IM} 




Mature blades 


















5D 


4.6 a 


31.8 


2.7 


1.7 


13.5 


1.3 


0.5 


191.1 


& LD 


2-1 


23.5 


23.6 


2.7 


36.4 


3.2 


1.3 


73.0 


Petioles 


















SD 


24.6 


51.3 


1.7 


1.6 


2.7 


2.9 


18.9 


477.5 


6 LD 


21.7 


145.3 


36.7 


4.1 


42.3 


32.3 


4.7 


446.0 


Young leaves 
















286.3 


5D 


7.2 


54.4 


3.0 


4.5 


10.1 


1.3 


16.2 


6 LD 


31.1 


138.4 


43.4 


19.4 


B4.7 


9.9 


2.4 


178.7 


Shoot tips 


















SD 


24.7 


61.3 


2.2 


3.6 


16.0 


3.6 


16.3 


680.0 


8 LD 


66.6 


173.5 


31-4 


16.4 


66.7 


37.1 


13.4 


696.2 



"Values are in ng g"' dry weight. 
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figure 3. Northern analysis of SqCA2ox3 in spinach. A, Levels of 
SoGA2ox3 transcripts in spinach grown in $0 and after 8 LD. 0, Levels 
of 5oCA2ox3 transcripts in petioles ond tips with increasing numbers of 
LD. C, Levels of SoCa2ox3 transcripts in male (<J) and female (?) 
flowers, stems (St), and shoot tips (ShT). Spinach plants were harvested 
4 weeks after transfer to LD. The shoot tips included the upper 1 cm of 
shoots; stems were the next 1 cm of shoots. Total RNA (30 /*g) was 
loaded for each sample. The blots were probed with SoCA2ox3 or 
SnActin. 

blades and young leaves (data not shown) and peti- 
oles in a time-dependent manner, but the levels of 
SoGA2ox3 transcripts decreased slightly in shoot tips 
with increasing duration of LD (Fig, 36). 

Expression patterns of $oGA2ox3 were also investi- 
gated in inflorescences. Male and female flowers, 
stems, and shoot tips were harvested from spinach 
plants that had been exposed to LD for 4 weeks (Fig. 
3C). The SoGA2ox3 transcripts were more abundant in 
the upper 2 cm of stems than in shoot tips, and 
expression was relatively low in male and female 
flowers. 



Transgenic line 2 was chosen for further character- 
ization (Fig. 5). In $D, the leaves were slightly shorter 
and darker green than those of the wild type. The 
leaves of wild-type plants were smooth, whereas those 
of transgenic plants were somewhat wrinkled (Fig. 
5A). The inset in Figure 5B shows that SoGA2ox3 was 
highly expressed in the transgenic plant. The time 
course of stem elongation (Fig. 5C) shows that the 
transgenic plants did not start to elongate until the 
wild-type plants had already reached their final height 
and were in full bloom. The final height of the trans- 
genic plants was less than half of that of the wild-type 
plants, and the number of leaves was almost doubled 
(Table IV). Flower buds in the transgenic plants 
appeared 30 d later than those of the wild type (Fig. 
5C; Table IV)« However, the interval between appear- 
ance of flower buds and anthesis was the same in wild- 
type and transgenic plants, indicating that the rate of 
flower bud development was the same in both types of 
plants. Fruit and seed production were normal in the 
transgenic plants. This may indicate that these as- 
pects of plant development require a lower GA t level 
than stem growth. As in leaves (Fig. 4), SoGA2ox3 
was highly expressed in flower buds and mature flow- 
ers (Fig. 6). Expression of native NsGA20oxl and 
NsGA20ox2 in young flower buds was up-regulated 
as compared to their expressions in the wild type. 
However, expression of native 20-oxidases in mature 
flowers was below the limit of detection in northern 
blots (Fig. 6). Thus, at an early stage, GA 20-oxidase 
could channel sufficient GA53 through the early- 
13-hydroxylation pathway for normal flower develop- 
ment It should be kept in mind, however, that flowers 
are heterotrophic, so that GAs, instead of being syn- 
thesized in situ, may be supplied by green tissue. 



Ectopic Expression of the $oGA2ox3 Gene in N. sylvestris 

To determine whether ectopic expression of the 
SoGA2ox3 gene would produce CA$ 7 and cause a GA- 
deficient phenotype in another species, we introduced 
the 35S:;SoGA2ox3 cDNA construct into N. sylvestris by 
Agrobaderium tumefacieus^ed^ted transformation. 
Ten homozygous lines expressing SoGA2ox3 were 
selected (Fig. 4), which exhibited a profound range 
of dwarfed phenotypes (data not shown). To ascertain 
the presence of the SoGA2ox3 gene in the transgenic 
plants, we performed genomic PGR amplification with 
a pair of primers, J2651 and JZ656 (Table I). The PCR 
products (1.1 kb) were detected without any other PCR 
products in all transgenic lines (data not shown). 
Phenotypes of transgenic lines 6 to 10 were very 
mild, but transgenic lines 1 to 5 showed severe 
dwarfed phenotypes (data not shown). The severity 
of the phenotype was correlated with the accumula- 
tion of SoGA2ox3 transcripts (Fig. 4). The expression 
patterns of NsGA20oxl of N. sylv&tris were similar to 
those of SoGA2ox3 transcripts (Fig. 4), indicating that 
feedback regulation to maintain GA homeostasis op- 
erated in the transgenic plants. 
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Effect of Ectopic Expression of SoGA2ox3 on 
Gibberellin Content 

As expected, GA levels were affected by ectopic 
expression of SoGi42o*3 in transgenic plants (Table V). 
The level of GA^ which is the substrate for both GA 
20-oxidase and GA 2-oxidase3, showed a marked de- 
crease in transgenic plants in both SD and LD. The 
levels of GA 19 and CA^ the products of GA 20- 
oxidase, also decreased in transgenic plants in LD with 
a concomitant 5-fold decrease in bioactive GA^ Over- 
expression of SoGA2ox3 did not affect the G A^ content 

Line 1 254567 B 9 10 WT 

NsGAMoxi Mm '«# *** m W 

Figure 4. Northern analysis of SoGA2ox3 and NsCA20ax1 expression 
in transgenic N. sylvestrfa Expression levels of the SoCA2ox3 trans- 
gene parallel those of* the NsGA20ox1 gene. For each sample, 30 jig of 
total RNA was loaded, The blots were probed with $aGA2ox3, 
NsCA20ox1, Of NfActin. 
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Figure S. Ectopic expression of SoCA2vx3 suppresses stem growth in 
N. sytvestrfa A/ Transgenic plant and wild-type plant (WT) show 
a similar phenotype in SD. B, WTand transgenic plants grown in LD 
following germination. Inset in B shows expression of SoGa2qx3 in the 
transgenic plant. C, Stem growth of WT and transgenic plants grown in 
LD following germination. Black arrows indicate the average number of 
days until appearance of flower buds. White arrows indicate the 
average number of days until anthesis. n « 12. 

in SD, but it caused a 3- to 6-fold increase in transgenic 
plants in LD. As in spinach, GA tl0 was present in 
much lower amounts than GA^; its levels also in- 
creased in LD. These data indicate that ectopic expres- 
sion of SoGA2ox3 increased the levels of both GA^ and 
GA ll0 in transgenic plants and kept the GAs of the 
ear!y-13-hydroxylation pathway at a low level Thus, 
GA 2-oxidase3 in transgenic plants competes effec- 
tively with GA 20-ojddase for the common substrates 



CA 12 and GA& resulting in a reduced GA X content 
and a dwarfed phenotype. 

Applied Gibberellin Restores a Normal Phenotype in 
3$S::SoGA2ox3 Plants 

Treatment with GA { reversed the phenotype of 
dwarf transgenic plants to that of wild type, In SD/ 
leaves were elonga ted and the plants had started to bolt 
after 25 d. Although grown in SD, the GA-trea ted plants 
had the appearance of wild-type plants exposed to LD 
(Fig. 7A). In LD, the transgenic plants treated with GAj 
showed essentially the same phenotype as wild-type 
plants (Fig. 7B). These results show that GA treatment 
effectively increased leaf and stem growth of transgenic 
plants both in SD and LD, indicating that application of 
GAj could fully compensate for the decreased endog- 
enous GAi content of transgenic plants. 

Effect of Ectopic Expression of SoGA2ox3 on Germination 

Because severely GA-deficient mutants do not ger- 
minate in the absence of exogenous GA$ (Koornneef 
et al, 1983), we tested whether overexpression of 
$oGA2ox3 affects germination. As shown in Figure 8, 
a high percentage of wild-type seeds had germinated 
after 4 d, whereas germination of transgenic seeds did 
not begin until day 5. Treatment with CA 3 accelerated 
germination and also caused a higher percentage of 
seeds to germinate than was observed for seeds 
without GA 3 treatment (Fig. 8). Thus, although over- 
expression of SoGA2ox3 decreases the content of bio- 
active GA, transgenic seeds are still able to germinate, 
albeit with some delay. 

Effect of Ectopic Expression of SoGA2ox3 on Hypocotyl 
and Root Growth 

A role of GA in the regulation of root growth has 
been established by the use of GA-deficient mutants 
(Yaxley et al, 2001; Fu and Harberd, 2003). It was of 
interest, therefore, to investigate whether root growth 
is affected in seedlings with a low GA t content due to 
overexpression of $oGA2ox3. As shown in Figure 9, 
ectopic expression of the SoGA2oxd gene markedly 
affected both hypocotyl and root growth. The hypo- 
cotyls of wild-type seedlings were elongated in dark- 
ness, but those of transgenic seedlings remained very 



Table IV. Characterization of transgenic plants overexposing 
SuCA2ox3 in N. sytv&trit (Ns) 



Observed Trait Wil^Type Ns 359,,SoCA2cx3 



Days to flower buds 


67.3 


2; 


0.92' 


97.8 t 0.86 


Days to anthesis 


63.5 




0.97 


It 4,5 ± 0.96 


Number of leaves to 


19.0 


■*- 


0.35 


35-8 ± 0.35 


inflorescence 










Final plant height 


122.6 




2.8 


56.1 ± 1.01 



"as n= 12. 
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Figure 6. Northern analysis of SoGA2ox3, NsCA20ax1 (GenBank 
accession no. AF494087), and NsCA20ox2 (accession no. AF4 94068) 
in young flower buds and mature flowers of transgenic N sylvestris. For 
each sample, 30 /ig of total RNA was loaded- The blots were probed 
with SoCA2ox3 t NsGAZOoxl, NsGA20ox2, or NsActin. 

short (Fig. 9A). Treatment with 1 rng L" 1 GA 3 com- 
pletely restored hypocotyl length of transgenic seed- 
lings to that of wild type (Fig. 9B). Differences in root 
growth between wild-type and transgenic seedlings 
were most pronounced under continual light (Fig. 9C)* 
Treatment with GA 3 could only partially restore root 
growth in transgenic seedlings, but hypocotyl growth 
was promoted to the same extent in both types of 
seedlings (Fig, 9D). 

DISCUSSION 

In this study, we isolated a full-length cDNA clone 
encoding a GA 2-oxidase from spinach. Heterologous 
expression in E. colt showed that the product of 
SoGA2ox3 catalyzes 2£-hydroxylation of the C 20 -GAs 
GA 12 and GA^ to GA no and CA 97 , respectively. The 
same activities have previously been found for At- 
GA2ox7 and AtCA2ox8 (Schomburg et al, 2003). The 
recombinant proteins from other GA 2-oxidases char- 
acterized so far 2/3-hydroxylate C ig -GA$. The only 
exceptions reported are for PcGA2oxl and AtGA2ox2, 
which 2j8-hydroxylated GA 15 , a C 20 -GA (Thomas et ah, 
1999); and OsGA2oxl, which converted GA^ to GA W 
(Sakamoto et al., 2001). Spinach produces GA$ a and 
GA^, but recombinant SoGA2ox3 did not metabolize 
their possible precursors, GA^ and GA 19 . In transgenic 
N. sylvestris overexpressing SoGA2ox3, there was an 



increase in G A^ (Table V), but no GA m and G A w could 
be detected in these plants 0-A.D. Zeevaart, unpub- 
lished data). Considering these combined results, it is 
unlikely that SoGA2ox3 is involved in the synthesis of 
GA^ and GA^. Another possibility is that GA 20- 
oxidase converts GA 97 to GA 98 and GA^, as indicated 
in the hypothetical pathway in Figure 1A But GA^ 
was not converted by recombinant SoCA20ox (J-A.D. 
Zeevaart, unpublished data). Perhaps recombinant 
SoGA2oxl can 2/Mvydroxylate GA^ and GA 19/ as it 
was able to convert GA^ to GA^ (Lee and Zeevaart, 
2002). Finally, the possibility remains that there are 
additional GA 2-oxidases that catalyze the formation 
of GA^ and GA^. 

GAff is much more abundant than GA 110 in spinach 
(Table EI), and the same is true for N. sylvestris in both 
wild-type and transgenic plants (Table V). Given the 
results of the experiment in which the two precursors 
GA 12 and GA^ were mixed, it is unlikely that GA 
2-oxidase3 has a higher affinity for GA53 than for G A^. 
The cellular location of the GA 13-oxidase that con- 
verts GA 12 to GAgg is not known, but there may be 
compartmentation of the substrates in such a manner 
that GA53 is more readily available to GA 2-oxidase3 
than is GA 12 . Further metabolism of GA^ is not 
known, so that its very high level may not reflect 
a high rate of synthesis but rather accumulation of 
a stable inactive end product. A relatively low rate of 
synthesis of GA^ is also indicated by the low levels 
of SoGA2ox3 transcripts in spinach (Fig. 3). In addition, 
antiserum raised against recombinant SoGA2ox3 pro- 
tein did not detect any SoGA2ox3 protein from spin- 
ach or transgenic N. sylvestris in western blots, 
indicating that the level of SoGA2ox3 protein in vivo 
is very low (DJ, Lee, unpublished data). 

GA W is at a branch point in GA metabolism in 
spinach (Fig. 1 A). It can be converted to bioactive GA l 
via the early-13-hydroxylation pathway, or it can be 
deactivated by 2jS-hydroxylation to GA^. The latter 
step appears to prevail in SD, whereas in LD most 
GA^ will be channeled through the early-13-hydrox- 
ylation pathway As shown in Figure 3, the levels of 
SoGA2ox3 transcripts undergo little change when 
spinach plants are shifted from SD to LD. Neverthe- 



Table V. GA content of N sylvestris (Ns) and transgenic plants overexposing SoGA2ox3 grown 
under various photoperiodic conditions 



Plants were grown in SD for 80 d and then transferred to LD for the number of days indicated prior lo 
harvest. GA content was determined by GC-MS-selected ion monitoring, using deulcratcd GAs as internal 
standards, nd, Not detectable. 



Snmplft Pi 


totoperiodic Treatment 


CA 5J 


GA J9 


GA 20 


GA, 


GA J7 


ga 110 


Ns 


SD 


0.7 a 


3.8 


1.2 


0.9 


11.7 


nd 


Ns#5S::SoGA2ox3 


SD 


0.1 


2.1 


0J 


0.8 


11.6 


0.5 


Ns 


14 LD 


13.2 


32.4 


16.7 


4.9 


16.9 


nd 


Ns/35S::SoGA2ox3 


14 LD 


4.4 


4.7 


0.8 


0.9 


40.3 


7.2 


Ns 


20 LD 


32.3 


54.3 


27.0 


5.2 


14.1 


1,5 


Ns/35&iSoCA2ox3 


20 LO 


6.3 


7.5 


1.8 


1.0 


85J 


9.1 


Ns/355::SoCA2ox3 


30 LD 


9.7 


9.4 


2J 


1,1 


94.9 


10.2 



"Values are In ng g" 1 dry weight. 
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Figure 7. Reversal of dwarf phenotypo of transgenic plants by GA 
treatment. Plants were sprayed twice weekly with a solution of 10 mg 
L' 1 CA,. CA treatment of transgenic plants in SO (A) and in LD (B). 
Photographs were taken 25 d after first GA application. 



less, the levels of GA^ decreased, presumably because 
expression of GA 20-Qxidase was strongly up-regulated 
in LD (Lee and Zeevaart, 2002). Thus, the fate of GA^ 
will be determined by the relative activities of the two 
enzymes GA 2-oxidase3 and G A 20-oxidase. In LD, 20- 
oxidase activity is high, so that GA^ is preferentially 
converted to G A^. By contrast, in SD the activity of 20- 
oxidase is low, and more GA^ will be deactivated via 
20-hydroxylation to CA^. Whereas SoGAZoxl and 
SoGA2ox2 can directly regulate the level of active GAj, 
SoGA2ox3 can only indirectly regulate the level of 
active G A, by reducing the amount of precursor that is 
channeled through the early-13-hydroxylation path- 




Days after sowing 

Figure 8. Effect of overexpression of 5oGA2ox3 on germination in N. 
sylvesttis. Seeds Of Wi id-type <WT) or transgenic plants were spread on 
agar plates containing half-strength Hoagland solution. Treatment with 
GA partially restored germination of transgenic seeds, n - 60. 
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0 lit' — i— —J — t — b — 
S S 7 ft D 1ft 11 12 

Days after sowing 

Figure 9. Effect of uvcrcxpression of SoGA2nxJ on hypocotyl and root 
growth in N. sylvestri* seedlings. A, Hypocotyl length of seedlings 
grown in darkness. B, Treatment with GA restored to normal the 
hypocotyl growth of transgenic seedlings in darkness. C, Root growth of 
transgenic seedlings grown under continuous light D, Treatment with 
CA partially restored the root growth of transgenic seedlings under 
continuous light Arrows indicate transition from root to hypocotyl. 
Photographs taken 15 d after sowing, n - 15. 



way. Thus, 20-hydroxylation of GA precursors of 
bioactive GA t adds an additional step at which the 
levels of active GAs can be regulated. 

Overexpression of SoGA2ox3 in N. $yhe$tris had 
a profound effect on growth and development from 
germination to flowering (Figs. 5, 7, 8, and 9). Analysis 
of the endogenous GAs showed a reduced GA, level in 
transgenic plants and an increase in CA 97 and GAj 10 . 
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Wild-type N, sylvestris also produced GA07, although 
not at the high levels found in spinach. The reduction 
in active GA 1 resulted in reduced germination, shorter 
radicles and hypocotyls of seedlings/ reduced stature, 
and later flowering. The GA-dcficient phenotype of 
older plants could be readily overcome by applied 
GAj (Fig. 7). 

Application of GA to the LD rosette plant N. 
sylvestris in SD induces stem elongation and, ulti- 
mately, flower formation (Lang, 1989). As shown in 
Table V, the level of GA X increased 5^ to 6-fold when 
plants were transferred from SD to LD. This increase 
indicates that a high level of bioactive GA is a pre- 
requisite for stem elongation and subsequent flower- 
ing. Conversely a reduced level of GA t in transgenic 
plants delayed stem elongation and flower formation 
(Fig. 5; Table IV). This retardation in flowering is most 
vividly expressed by the number of leaves formed 
prior to the inflorescence in transgenic plants com- 
pared to wild-type plants (Table IV). 

Semidwarfism is a desirable trait in agriculture 
(Busov et al, 2003; Hedden, 2003). Overexpression of 
GA 2-oxidase is an easy way to reduce GA levels in 
transgenic plants, but ectopic expression of ScGA2oxl 
and SoGAloxl in N. sylvestris caused severely dwarfed 
plants that produced few seeds (DJ. Lee, unpublished 
results) because active GA was probably deactivated as 
soon as it was produced. Singh et al. (2002) also re- 
ported that ectopic expression of class II GA 2-oxidases 
\PsGA2ox2) caused defective pollen tube growth and 
seed abortion. Overexpression of AtGA2oxl in tobacco 
reduced the number of capsules 40% to 70% (Biemelt 
et al., 2004). In rice, ectopic expression of OsGA2oxl 
inhibited not only stem elongation but also devel- 
opment of reproductive organs. In a more direct ap- 
proach, OsGAloxl was expressed under the control of 
the promoter of OsGA3ox2, which is specifically ex- 
pressed in the shoot apex. This caused a semidwarf 
phenotype with normal flowering and grain develop- 
ment (Sakamoto et al., 2003). When SoGA2ox3 was 
overexpressed, GA precursor were deactivated, but 
GA 20-oxidase could still convert a small amount of the 
precursor to GA t (Table V), which could act without 
being quickly deactivated. This finding demonstrates 
tha t we can manipulate plant stature by overexpressing 
a gene that deactivates precursors of GA X rather than 
active GA X itself. The result is plants with reduced G A x 
levels, short stature, and delayed flowering but that 
otherwise retain desired traits, such as normal flower- 
ing and seed production. 



MATERIALS AND METHODS 

Plant Material and Growing Conditions 

Spinach [Spinaria oltracea, Savoy Hybrid $11) plants were grown in 5 SD 
growth chamber for approximately 6 or 7 weeks as described earlier and then 
transferred lo 0 LD growth chamber for experimental use (Lee and Zeevaart, 
1002). Nicotiana sytvettris Spcgas, et Come* was grown under the same con- 
dition*. Plants used for GA extraction were grown In SD for approximately 
3 months before being exposed to U> All plants ware watered with halfr 



strength Hoagland solution daily. SD consbfcd 0/ 6 h of light from fluorescent 
tubes and incandescent bulbs of approximately 300 jtmol m" a * -1 at 23*C fol- 
lowed by 16 h darkness a* 20°C. In the case of LD, the d-h main light period was 
followed by 16 h of weak tight from incandescent bulbs of 10 Mmoi m~* 

Feeding of [ 1I C1GA 53 lo Spinach in SD and LD 

[^CJGAu (specific activity 1275 mCi/mmol) way dii«<»)vvd in a small 
amount of acetone, to which water containing 0.05% (v/v) Iween 20 was 
added to give a 75% (v/v) aqueous solution. This solution was injected into 
pcb'olt* and midribs of spinach leaves by means of a lOtHiL Hamilton 
syringe. Each plant received 0.3 X 10 6 dpm of l M CJGA s (=036 /*g GA H ). 
Spinach plants were either kep t in SD or had been exposed to 8 LD. The plants, 
4 per treatment, were harvested after 2 d, frozen in liquid Nj, and lyophiJi sed. 
The dried material was extracted with methanol, and an acidic fraction way 
prepared from each sample (Zeevaart et al., 1993; Schomburg et al.. 2003). The 
acidic fractions were analyzed by reverse-phase HPLC with on-line radioac- 
tivity detection. Radioactive fractions were collected, the derivatized materials 
were identified, and their specific activitifei determined by GC-MS (Zeevaart 
etal.,1993). 

RT-PCR 

RT-fCK was used for the cloning of GA 2-oxidase. Pirst-strand cDNA from 
1 poly(A*) UNA was synthesized by Superscript II RNase H- reverse 
transcriptase (Invitrogcn, Carlsbad, CA), using oligo(dT) primers at 42°C for 
1 h. The cDNA product was men used in FCR reaction* containing Thq 
polymerase and several pairs of degenerate priaiers (Table 1). For GA 
2-oxidase, the degenerate primers were synthesized based on conserved 
region* of AtGA2ox7 and AtGA2o*& (Schomburg et al, 2003). These primer* 
were used in all combinations in PCR reactions with first-strand cDNA as 
a template. The PC& amplifications were performed with a DMA thermal 
cycler (RTC-200; MJ Research, Waliham, MA) in a 50*jaL reaction mixture 
containing IX PCR buffer, 13 mM MgQ^ 200 fiM dNTP, 2.5 pmol of caeh 
primer, and 1 unit of Taq DNA polymerase (Invitrogen). The reaction mixtures 
were heated to 94*C for 2 min and then subjected to 30 cycles of 94 °C for I min, 
48°C for 1 min, and 72"C for 45 s- A final extension was performed at 72°C for 
10 min. A 5~fth volume of the FCR reaction products was analyzed by 1.2% 
agarose gel clcctmphnresia, purified with a Wizard PCR purification system 
(PTomcga, Madison, WI), and then cloned into the pGEM-T Easy vector 
(PTomegn). 

RACE and Cloning 

5'- and 3' -RACE of spinach GA 2rOxidase3 cDNA were performed using 
the SMART RACE cDNA amplification kit from CLONTECH (Palo Alto, CA). 
Poly (A") RNA was isolated from spinach using the PolyATtract mRNA 
Isolation System IV (Promcga) according to the manufacturer's instructions. 
Following RT with primers supplied by CU>NTKCH, the first-strand cDNA 
was used diTectly in 5'- and 3' -RACE FCR reactions. Primary PCR amplifi- 
cation reactions were achieved using a high-fidelity enzyme (P/u Turbo 
polymerase; Strata gene. La Jolla, CA) and gene-specific primer* JZ616 and 
JZ627 or JZ617 and JZ616 for GAloxS to generate the 5'- or 3'<rtNA RACE 
fragments, respectively-. The FCR reaction consisted of the first dcnanirarkm 
for 3 min al 94*C, a series of 30 cycles 0 min at 94*C 1 min at 54 B C or 55°C, 
1 mm at 72 *C), and a final extension fox 5 min at 72°C using a thermal cyder 
(MJ Research). A 5-fiL aliquot of the RT-PCR and RACE reaction solution was 
analyzed by L2% agarose gel electrophoresis. PCR products were purified 
and cloned into the pCR-Script Cam SK(+) cloning vector from Stratagene. 
These constructs were sequenced. 

The National Center for Biotechnology Information Blast program was 
used to search genes homologous with the $«CX*ax3 gene. Analysis of the 
DNA sequences was carried out using the DNASTAft program (DNASTAR, 
Madison, WI). Multiple sequence alignment of the ammo acid scqwncw; vtJu 
performed using BCM Search Launcher (htto://seaiehlauncheT.bcm.tmc. 
edu/multHalign/muItiNtHgn.html) and printed with BOXSHADE 3.21 (http:// 
www.cherrJmet^g/sofr^are/BOXJarmlitinl). The phylogcnctic tree was 
created by means of the ClustalW program (ratto://ww.ebiaciik/clustalw/). 

Northern-Blot Analysis 

Leaf blades, petioles, young leaves, shoot tips, and other organs were 
harvested, frozen immediately in liquid Nj, and stored al -fl0*C (Lee and 
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Zeevjjrt, 2002). Northern blots were prepaid by electrophoresis of 30 jig of 
total RNA in the presence oi formaldehyde (Sambrook et al., 1989), and RNA 
was transferred to rutrocellulose, Full-length cDNAs were labeled with 
( N rJdCTT by the Random Primers DNA labeling system (Invitrogen) and 
used to probe northern and Southern blots. Hybridization was carried out et 
42 *C using a 50% f orm nmidc system (Sambrook el si, 1989). Membranes were 
washed twice in 2 x SBC at room temperature for 10 min and then twice in 
0.2 X SSC with 04% SDS at 55 n C for 10 min, At low .trringency, membranes 
were washed once in 2 X SSC at room temperature for 10 min ?nd then in 2 X 
SSC at 55°C for 10 min, Bach blot was first probed with $vGA2ox* cDNA, 
stripped, and rep robed with SoAchn. Each experiment was repeated at least 
three time* with similar results. 



Expression of Recombinant GA 2«Oxidase3 Protein 

The coding region cf Ca was produced by PCR with the 

fallowing primer set designed from the KACB product: JZ651 and JZ656 for 
the mature GA2ax3 cDNA {BamHl and sites inserted to facilitate 

cloning). The resulting PCR fragments wen* cloned into the pGEM-T Easy 
cloning vector, digested with BatnKl/EcoRl and subcloned into the corre- 
sponding restriction sites of the pGEX-5X-2 vector (Amershnm Biosciences, 
Piscataway NJ). This full-length cDNA clone (pCEXGA2ox3) was trans- 
farmed into Escherichia coU strain BL21pLysS. B t ty mL of freshly cultured cells 
were added to 1 L of Luria-Beitani medium with 100 mg L~ l ampialKn and 
incubated at 3/ p C with vigorous shaking. When the optical density at 600 run 
reached 04, is opropyl-j?-r>4ht ogalacto pyranos lde was added to give a final 
concentration of 3 mm, and the culture was incubated for another 2 h. The cells 
were harvested, .suspended, and incubated in lysis buffer (100 mM Tris-Hd 
pH 73, and TO mg I, 1 tysozyme) al room ternperature for 10 min. Crude 
extracts were briefly sunicated by using a Sonifier Cell Disrupter 200 (Branson 
Ultrasonics* Danbury, CT), carried out for 10 cycles (10 X 10 s) on ice. The 
lysates were submerged in liquid N a for 2 min and then thawed in an ice bath 
for 15 min (Johnson and Hecht, 1994). The lysates were centrifuged at 13,000 
rpm for 30 min, and the supernatant w« stored at -60*C until needed for 
enzyme assays. 

Enzyme Assays and Product Identification 

Enzyme assays with recombinant GA 2-oxidase3 were performed with 
approximately 30,000 dpm of ["C]-labcled GAS. The assays and methods 
for product identification have been described (Lee and Zeevaart, 2002; 
Sehomburg et al., 2003). 

GibbereUin Extraction and Quantification 

The procedures for extraction, purification, and quantification of endog* 
enouy CAs with deuterated GAs as internal standards were the same as 
described (Talon and Zccvaart, 1990; Zcevaart et al., 1993). AU GA measure- 
ments were repeated at least twice with similar results. TV four prominent 
ions monitored for GA# were mass-to-chargc ratio (m£) 477/479 and 536/ 
538, and for GA ll0 m/z 298/300 and 388/390. Deutcratcd GA*, and GA„ 0 were 
prepared by means of incubating 50 of 17,17-{*H 1 JGA M and 17,17- 
friJGAu, respectively, with 2-5 mL of recombinant SoGA2ox3 protein. The 
GC-MS conditions were as described by Schomburg et al. (2003). 

Construction of 35S.:SoGA2ox3 Plasmid 
and Transformation 

The full-length $nCA2ax$ cDNA wu introduced into the pGEM-T Easy 
vector, and then reintroduced into the ftamftl and Sad sites of the pBJi2l 
vector after removing the GUS gene. This vector, pBiSoCA2ox3, was m- 
traduced into Agnbacterlum tumcjheiens strain LBA4404, for transtormation of 
W. sylvatria according to Horsch et al. (198B). Leaf discs of N. sylvntris were 
incubated with A lumtfneiens for 10 min and then rronsferTcd to Murashige 
and 5k00g medium containing 1 mg L" 1 6-benzylaminopurine and 0.1 mg L" 1 
1-naphthaleneacetic acid (NAA) m darkness. After ooculture for 3 d, leaf discs 
were transferred to selection medium (Murashige and Skoog, 1 mg L" 1 
6-bcnzylarnmopurine, 0.1 mg L"' NAA, 100 mg L" 1 lwrwunycm, and 500 mg 
L" 1 carbenicillin). When shoots appeared, individual shoots were cut and 
trartsferred to root inducing medium (Murashige and Skoog, 0.1 mg L" 1 NAA, 
100 mg L" 1 kanamydn, and 500 mg IT 1 CTTbcrueillin). After rooting, planner* 



(Tq) were planted In soil and grown in a gTeenhuuse. Independent transgenic 
lines were selected on half-strength Ho a gland medium containing 50 mg L" 1 
kanamycin- TheT, generations were self-pollinated to get Tj generations. Each 
line showing a 3:1 segregation (resistant:* ensitive) was selected to obtain 
homozygous Tj plants; these homuxygous lines were used m further experi- 
ments. 

Analysis of Transgenic Plants by PCR 

Isolation Of genomic DNA from transgenic plants was performed as 
described (Lee and Kim, 1996). The PCR amplification reaction was for 25 
cycles of 30 a at 94"C, 60 s at 50°C, and 60 s at 72°C with two primers (JZ651 
and J2656; Table I) after an initial denarura tion step for 2 min at °4°C The 5 fiL 
of reaction products was analyzed by 1.2% agarose gel electrophoresis. 

Germination Assays 

Sixty seeds were sown In petri dishes containing half-strength Hoagland 
medium in the presence Or absence of 1 mg L" 1 GA, and incubated in a growth 
room at 23°C under continual light from fluorescent lamps (50-60 umol m" 3 
$~'). Germination was defined as radicle emergence and was scored daily 

Hypocotyl and Root Growth 

Growth of hypocotyls and roots was determined by sowing seeds on half- 
strength Hoagland medium containing 0.8% phytoagar with or without 1 mg 
I,"' GA,. The petri dishes were vertically oriented so that the seedlings could 
gruw vertically along the agar surface. Wild- type and transgenic lines were 
sown in the same petri dish at 23*C. Seedlings were kept in darkness to 
ddcrminc hypocotyl length, or kept under continuous light (same source as 
used for germination assays) to dcterminu mot growth. Both hypocotyl length 
and root length were measured until 12 d after sawing. 

Distribution of Materials 

Upon request, all novel materials described in this publication will be 
made available in a Hmely manner for noncommercial research purposes, 
subject to trie requisite permission from any third-party owners of all or parts 
of the material. Obtaining any permission* will br the responsibility of the 
requestor. 

Sequence data from this article have been deposited with die EMBL/ 
Gen Dank data libraries under accession numbers AY935713 (ScGAZoxd, 
cDNA) and AY935714 (intron of SoGA2ox3). 
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